Based on two-year experiments on inoculated corn, including genotypes of sweet corn (Zea mays var. saccharata) and popcorn (Zea mays var. everta), the analysis of fumonisin FB 1 content in kernels was performed. Infection degree of sweet corn was 2.00 and 2.13, which was distinctly stronger than infection of popcorn cobs (0.52 and 1.05). Despite of higher disease rating of Zea mays var. saccharata, the most dynamic increase in fumonisin FB 1 biosythesis was observed in kernels of Zea mays var. everta. During the two cropping seasons, the mean level of FB 1 in sweet corn ranged from 0.52 to 6.94 µg g -1 , while in popcorn kernels from 0.96 to 28.49 µg g -1 in the 1 st and 8 th week after inoculation. Botanical varieties of maize as well as physiological state of kernels, determined by the water, amylose and starch contents, influenced on infection degree by Fusarium verticillioides and level of ear contamination by fumonisin FB 1 . Efficiency of biosynthesis of mentioned metabolites was inversely proportional to kernel water content.
INTRODUCTION
Zea mays var. saccharata is a type of maize grown primarily for processing, as well as for direct consumption. It can be consumed raw, boiled or grilled. Through cultivation of varieties of the type of Zea mays var. saccharata in different vegetation periods, various sowing terms, under cover flat and high crops, it is available on the market since midJune [Warzecha 2013 ]. Nutritional and dietary value of sweet maize mainly stems from the high content of easily digestible sugars and high amount of fiber that regulates activity of human gastrointestinal tract. In addition to macro-and microelements in sweet maize accumulation of glucopolysaccharide phytoglycogen [James et al. 1995] . At immature milky stage, the level of sucrose reaches 10.2% of sucrose and 22.8% of water soluble polysaccharides.
Trait of sugary enhanced genotypes is governed by the "se" gene. It is recessive modifier of Su1 endosperm, located on long arm of chromosome 4 or "se+". The "se" genotypes characterize total sugar level comparable to Sh2 without reduction of phytoglicogen [Ferguson et al. 1979] .
Among Zea mays var. saccharata plants, at least two recessive genes Su1 and Sh2 determine the sweetness in maize through inhibition of starch biosynthesis. The Su1 genotypes are characterized by higher levels of reducing sugars, sucrose and watersoluble polysaccharides, whereas mature kernels are wrinkled. The presence of Su1 gene results also in the occurrence of range of side effects in thin pericarp forms, less dry weight and higher kernels water content during the growing season. Even a higher content of reducing sugars is found in supersweet plant varieties with Sh2 .
Kernels of that variety are small, wrinkled, characterized by a thin seed coat and low germination energy [Adetimirin et al. 2006 , Manicacci et al. 2007 . Extending germination time may contribute to increased susceptibility of seedling to soil pathogens [Baird et al. 1994] . Significantly higher susceptibility of Zea mays var. saccharata, especially Sh2 genotypes to infection by Fusarium verticillioides (Sacc.) Nirenberg is an individual consequence of the interaction of pathogen -host at the species level. Similar dependence of higher susceptibility of Sh2 genotypes on the infection by Erwinia stewartii (Smith) Dye, Puccinia sorghi Schwein, Exserohilum turcicum (Pass.) K.J. Leonard and Suggs or Bipolaris maydis (Y. Nisik. and C. Miyake) Shoemaker [Pataky et al. 1998 ], was not noticed.
However, Zea mays var. everta is a type of maize commonly known as popcorn; it is popular and due to antioxidants, also valuable kind of snack, which contains more antioxidants than fruits and vegetables, to eliminate free radicals from the body, which have positive impact on an organism defense mechanisms. The content of polyphenols in kernels plays a very important role in the prevention of human cancer [Karababa 2006 ]. The kernels popping is a result of rapid rupture of kernel pericarp by superheated water generated during grain heating. Among popcorn varieties, the candidate gene GRMZM2G060579 encodes protein involved in pectin biosynthesis and shows an intermediate level of expression of pericarp embryo and endosperm [Paes et al. 2016] .
The common species of genus Fusarium, lowering the quality of grain, both of sweet corn and popcorn, is F. verticillioides. The fungus is a producer of fumonisins, secondary metabolites causing encephalomalacia in horses, edema, arrhythmia, atherosclerotic lesions and liver, kidneys and gastrointestinal cancer in warm-blooded organisms [Desjardins 2006] . F. verticillioides is the endophyte and hermaphroditic, heterothallic species [Xu and Leslie 1996 , Desjardins 2006 .
Due to high susceptibility of maize cob varieties of Zea mays var. saccharata and Zea mays var. everta, to infection by Fusarium spp. [Bottalico and Perrone 2002 , Leonard and Bushnell 2003 , Logrieco et al. 2003 , Chełkowski et al. 2006 , Desjardins 2006 , Wit et al. 2007 , Czembor et al. 2015 , the studies were undertaken to determine the F. verticillioides infection degree of cobs of selected varietes cultivated in Poland and fumonisin FB 1 contamination, depending on the physiological state of kernels, starch, amylose and amylopectin content. Wit, M., Ochodzki, P., Warzecha, R., Goliński, P., Waśkiewicz, A., Mirzwa-Mróz, E., Wakuliński, W. (2018) . The risks of sweet corn and popcorn contamination by fumonisin FB 1 produced due to Fusarium verticillioides infection. Acta Sci. Pol. Hortorum Cultus, 17(5), 145-155. DOI: 10.24326/asphc.2018.5.13 Susceptibility of Zea mays to infection by F. verticillioides. In the inoculation experiment, two mating types MAT1-1 and MAT1-2 isolates KFI-269 and KFI-270 of F. verticillioides were used, respectively. The isolates KFI-269 and KFI-270 were grown on potato dextrose agar (PDA, Difco) at 20-22°C temperature for 10 days. Mycelium of fungus was harvested from the surface of media and resuspended in sterile distilled water Milli-Q quality (0.054 µS, temperature 25°C), and the mixture was homogenized. The obtained suspension was filtered throuogh sterile gauze (mesh size 2 × 2 mm), and the obtained filtrate was adjusted to desired concentration of spores 10 6 1 ml -1
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Plant
. The concentration of the spore suspension was determined using a hemacytometer (Thoma cell counting chamber). The inoculation of plants was carried on the 7 th day from the beginning of plant flowering, while the stigmas were green in the R2 phase of plant maturity [Zadoks et al. 1974] . The spore suspension of the volume 5 ml, was introduced into the channel of cob using a syringe. Assessment of infection degree of cobs was conducted using a 6-degree infection scale, described in detail by Zajkowski and Kwaśna [1987] and adopted by Wit et al. [2007] . The basis for a single assessment was plant material derived from the individual plot covering 10 plants.
Starch, amylose and fumonisin content. The analysis of starch and amylose content was conducted in healthy and symptomatic kernels obtained from the cobs, inoculated with F. verticillioides, as described by Waśkiewicz et al. [2012] . The analysis of water content in grains was performed by evaporation method. For this purpose, randomly collected sample of kernels, obtained from the corn cobs, was weighed, and then the kernels were placed in a dryer at 60°C. Drying of the material was performed until the moment, when weight loss of grain between successive measurements did not exceed 2%. The water content was determined according to the formula:
where: x -water content (%), m -weight of kernels before drying (g), m o -weight of kernels after drying (g).
The analysis was performed for the material in each separate plot. The fumonisin FB 1 contamination level of kernels was carried out according to the method described by Waśkiewicz et al. [2012] . Fumonisins were extracted using methanol and analyzed by means of HPLC (high performance liquid chromatography). Samples for analysis of starch, amylose and FB 1 contents were collected at seven-day intervals, for eight consecutive weeks after inoculation.
Statistical analysis. The obtained results were processed by analysis of variance (ANOVA). Comparison of means was performed using Fisher's test; relationships between estimated parameters (amylose, starch, water and fumonisin FB 1 content) were analyzed using Pearson's correlation coefficient. The tested hypotheses were verified at significance level of α = 0.05. Statistical calculations were performed using Statgraphics 4.1 for Windows (Statistical Graphics Corp. 1999, Statpoint Technologies, Inc. Warrenton, Virginia, USA). On average, in 2008 and 2009, the lowest susceptibility characterized Zea mays var. everta (0.52 and 1.05). Infection degree of Zea mays var. saccharata cobs in mentioned period was 2.00 and 2.13 (Fig. 1) In this study, physiological condition of kernels was determined by a) the water content, b) starch content and c) amylose content. Values of these parameters were the reference for further analysis to determine the infection degree of each cultivar and the occurrence of fumonisin FB 1 in kernels. Regardless of the growing stage, the kernels of Z. mays var. saccharata were characterized by the highest average water content. In two successive growing seasons, kernels of this variety contained 82.31% and 88.16% of water in 1 st week respectively, whereas 68.80% and 58.72% of water in 8 th week, respectively (Tab. 3). The starch in kernels was also observed approximately 10 days after flowering (as early as 7 days after the inoculation) of cobs, and the process of biosynthesis and deposition proceeded very rapidly regardless of variety. The increase in the polysaccharide content during the time is described by polynomial function (Tab. 3). Regardless of the growing season, significantly least of starch was contained by sweet corn varieties. In 8 th week after infection in 2008 and 2009, kernels of Z. mays var. saccharata had 47.12% and 30.18% of starch, respectively, whereas in the case of Z. mays var. everta, the value was twice as high and varied in between 63.12% and 70.19% (Tab. 3).
RESULTS
The
The process of creating the components of starch (amylose and amylopectin) during the growing season among studied botanical varieties proceeded quite similar. Amylopectin was the dominant fraction in the first week after flowering. Its content coincided substantially with the starch level, as the amylose content was low during initial period of kernel organization, regardless of the variety and Bold numbers indicate statistically significant correlation at α = 0.05 growing season. The maximum amylose content, which was found in grains in the first week after flowering phase of the plants, was 7.26% and 4.79% (Z. mays var. saccharata), for two seasons of analysis, respectively (Tab. 3). This also means that the minimum amylopectin content in the group of studied varieties, during two growing seasons was 92.74% and 95.21% of the total starch content, respectively. In the last period of studies (8 th harvest period of analysed cobs), amylose content that was observed for tested varieties of Z. mays var. everta, was 29.19% (first testing season) and 26.96% (second season of tests) (Tab. 3). The process of amylose formation in grains was described by polynomial function (Tab. 3). Regardless of the growing season, indeed the lowest average starch and amylose content characterized kernels of Z. mays var. saccharata.
Correlation analysis between the infection degree corn cobs and the water, starch and amylose contents indicates that susceptibility is related to the water content of kernels and also inversely proportional to the starch and amylose contents. For a direct proportional relationship between water content and infection degree, a positive correlation coefficients between infection degree and water content can be seen. Values of these factors were variable for different terms, in which the determination was carried out, but they highlight the close relationship between these values. Negative value of the correlation coefficients between the infection degree and starch and amylose contents indicates that a high concentration of polysaccharides in kernels is associated with low susceptibility of cobs to infection (Tab. 4).
In 2008 and 2009, a clear regularity connected with the dynamics of the fumonisin FB 1 biosynthesis was observed (Tab. 1). In the first weeks (3-4) after inoculation of cobs, biosynthesis of the metabolite proceeded with very low yields, without significant differences between weeks of observation. A significant increase in the level of FB 1 was observed from 4-5 weeks from the time of inoculation. The dynamics of changes in levels of this metabolite was consistent with the distribution of the exponential function. The analysis of these functions shows that in all seasons, the most dynamic increase of the biosynthesis of FB 1 , understood as the change in the concentration of this metabolite in time, was observed in grains of Z. mays var. everta, (in 2008: 1.04-52.66 and in 2009: 0.87-6.02, respectively), whereas the least dynamic process occurred in kernels of Z. mays var. saccharata (in 2008: 0.14-6.55 and in 2009: 0.90-7.32 , respectively) (Tab. 1).
The correlation analysis among fumonisin FB 1 , water and starch content revealed occurrence of significant relationship between these parameters. The water content in grains was negatively correlated with the level of fumonisin FB 1 (Fig. 2 and 3) . The average value of the correlation coefficient (r) between fumonisin FB 1 and the water content in period 2008-2009 was negative and ranged from -0.66 to -0.55; the value of this parameter was significantly different in the case of individual varieties (Fig. 2  and 3 ). The lowest value of the correlation coefficient for these features was found in the analyzed material of Z. mays var. saccharata. In subsequent growing seasons, its value fluctuated significantly reaching -0.26 in 2008 (Fig. 2) and -0.67 in 2009 (Fig. 3) . In addition, the fumonisin FB 1 level was significantly correlated with starch content (Fig. 4 and 5) , including amylose ( Fig. 6 and 7) .
Value of the correlation coefficient was dependent on the maize variety, and detected range of this parameter between the fumonisin FB 1 level and the starch content, the two-year period amounted to Z. mays var. everta (0.81 and 0.62) and 0.17 to 0.41 for Z. mays var. saccharata (Fig. 4 and 5) . Significantly higher values of the correlation coefficient were found between the fumonisin FB 1 level and the amylose content. In the same period, it amounted to Z. mays var. everta (0.77 and 0.74) and Z. mays var. saccharata (0.27 and 0.72) (Fig. 6 and 7) .
DISCUSSION
Among the two botanical varieties of corn (Z. mays var. saccharata and Z. mays var. everta) included in the studies, sweetcorn was the highest infected, whereby regardless of the growing season super sweet genotypes of corn, with Sh2 gene were significantly higher infected. Significaly stronger infection degree of plants with Sh2 gene was caused by F. verticillioides, but also F. graminearum was reported by Ledenčan et al. [2008] .
High susceptibility of kernels and seedling to diseases caused by Fusarium spp. was already indicated just after introduction of sugar varieties of maize to cultivation [Berger and Wolf 1974] . Their strong infection is associated with higher sugar content [Styler et al. 1980] , even 2-3 times in the case of the Sh2 hybrids [Szymanek et al. 2015] . In addition, the grains have much thinner pericarp [Baird et al. 1996] .
Infection level of Zea mays var. everta by F. verticillioides was generaly low. The low suseptibility of popcorn to F. verticillioides infection, in relation to flint or semi-dent forms was mentioned also by Presello et al. [2007] . According to the authors, it is a consequence of significantly higher endosperm hardness of kernels as a result of the occurrence of hard and horny endosperm and greater protein than carbohydrate content, as compared to other botanical varieties of corn [Wu and Schwartzberg 1992] .
Chemical analysis of fumonisin content in Zea mays var. saccharata and Zea mays var. everta samples showed the presence of fumonisin FB 1 . In the plant material infected by F. verticillioides, it is the most common and most abundant occurring fumonisin derivative, in addition to fumonisin FB 2 and FB 3 [Marasas 1995 , Mallmann et al. 2001 , Pietri et al. 2004 , Butrón et al. 2006 , Desjardins 2006 . Occasionally, the occurrence of greater amount of FB 2 than FB 1 is noted, however these results are considered as uncertain [Ramirez et al. 1996] . Besides fumonisin B-series (FBs) in the corn kernels, the presence of analogues of A, C and P fumonisin groups were recognized [Gałązka et al. 2011 , Shephard et al. 2011 . The metabolite share is estimated at less than 5% of the total pool, unless there are present [Bartók et al. 2006] .
Although cobs of sweet corn were infected in significantly highest degree, fumonisin level match the content of this metabolite was less than in kernels of Z.mays var everta, which is significantly less infected botanical variety. This indicates that the infection degree and the ability to accumulate FB 1 are independent features.
Different content of metabolites in kernels of each variety may be the consequence of different capacity of fumonisin biosynthesis in an environment of individual grains. The problem of capacity of metabolites biosynthesis in infected plant tissues is analyzed extremely rare. According to Wit [2012] , this parameter is negatively correlated with the value of osmotic potential. This means that the high water content of kernels of Z. mays var. saccharata, at 40% level and more, during the whole growing season slows down thus weakening the FB 1 biosynthesis. Therefore, even high infection of sweet varieties of corn not necessarily means a high general level of FB 1 .
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